Plastic deformation behavior and microstructural evolution of an Al-core/Cu-sheath composite during multi-pass caliber rolling are investigated using the finite element simulations and experimental analyses. The simulated equivalent plastic strains generated by 1 to 7 pass caliber rolling are correlated with the hardness values and microstructures measured in the longitudinal cross sections of the specimens. The average strains developed in the Al-core and Cu-sheath are almost identical, which satisfy the quasi-isostrain condition in composites with inner soft and outer hard materials. Both the Al-core and Cu-sheath exhibit increasing hardness, but decreasing hardening rates with an increase in the number of passes. The increasing hardness with an increase in the number of caliber rolling passes is attributable to the combined effect of increased dislocation density and decreased grain size. The simulated results for the hardness were shown to be in good agreement with the experimental data for Cu and Al. It was concluded that the finite element method is well placed as a tool for describing and predicting deformation behaviors during caliber rolling.
I. INTRODUCTION
CORE-SHEATH composites with wire or bar shapes are widely used in structural materials [1] [2] [3] and functional materials. [4] [5] [6] [7] Several fabricating processes for the core-sheath composites, such as extrusion, [8] [9] [10] drawing, [11, 12] rolling forming, [13] [14] [15] [16] [17] [18] and solid state diffusion, [19] have been used successfully. However, insufficient interface bonding is a significant problem in the core-sheath composites that are used for structural applications, as in other types of composite materials (e.g., particulate, fibrous, or layered). In order to improve the interface bonding and reliability of the layered and core-sheath composites, multiple pass and/ or elevated temperature processing is recommended.
Severe plastic deformation (SPD) [20] [21] [22] [23] [24] is a multiple pass or repeating metal forming process for superplasticity/strength enhancement through grain refinement. In addition to the strengthening effect, multiple pass processing can enhance the homogeneity of the deformation (stress and strain) in workpieces, typically through rolling, [25, 26] pressing, [27, 28] and extrusion. [8] [9] [10] It should be noted that the enhanced homogeneity in the deformation is related to the stress saturation with increased strain; that is, it decreases the strain-hardening rate with strain in most metallic materials. Recently, caliber rolling has garnered significant attention, particularly in the material science and engineering communities, due to its capability of excellent grain refinement and relatively easy-to-handle processing. [29] Caliber rolling has been predominantly applied to single materials; however, it is worthwhile attempting to apply caliber rolling to core-sheath composites for strengthening through cold forming (i.e., grain refinement and dislocation density increase) as well as improving interface bonding through multiple processing. In general, core materials are harder and less ductile while sheath materials, which receive more deformation than the core material, should be softer and more ductile. However, this combination is not absolute.
Numerical analyses in caliber rolling have been conducted in single material workpieces in order to investigate the temperature changes in multiple pass processing [30, 31] and the relationship between the equivalent strain distribution and microstructure. [32] From these results, it was found that the mechanical properties of the caliber-rolled specimen were affected by the equivalent strain and misorientation distribution changes. In particular, analyses of the plastic deformation during multiple pass processing are critical in the microstructural evolution [33] and mechanical properties [34, 35] after processing. In this research, soft Al and hard Cu were used for a core and a sheath, respectively, in a core-sheath composite. This combination has been widely used for electrical conducting wires due to its advantages of being lighter than single Cu, stronger than single Al, good electrical conductivity, and so on. Necessary properties of the core-sheath composite for the electric conducting wire are both mechanical strength and electrical conductivity. In this paper, we focused on the plastic deformation behavior and mechanical properties of the Al-Cu core-sheath composite. Because caliber rolling has not been applied to fabricate Al-core and Cu-sheath composites yet, it is necessary to investigate how caliber rolling generates deformation in the composite. Therefore, the relationship between the mechanical properties and strains developed in the multiple-pass caliber-rolled Al-Cu composite was investigated using numerical and experimental approaches: firstly, the equivalent plastic strain in each pass has been analyzed using the finite element simulations and, secondly, the hardness and microstructure were evaluated using Vickers hardness measurements and electron backscattering diffraction (EBSD) and X-ray diffraction (XRD) observations. Finally, the relationship between the equivalent plastic strain and mechanical properties are discussed in related to the optimum conditions for the processing.
II. SIMULATION AND EXPERIMENTAL PROCEDURES
The caliber rolling machine with a 290-mm diameter, maximum capacity of 50 ton, and 4 rpm with 6 grooves used in this study is presented in Figure 1 .00, 14.40, and 13.80 mm, and the final step of fabricating a hexagonal cross-sectional composite. Each reduction pass was designed to have a similar area reduction ratio (4 to 6.6 pct). The specimen was rotated by 90 deg after each pass before the next step. Figure 1 (c) presents photos of the initial and caliber rolling-processed specimens after each step. Deformation heat may affect the material properties during the caliber rolling process. Temperature variations during the caliber rolling process were measured using a thermo-graphic camera system (Thermal Imager 890, Testo, USA). Figure 2 shows temperature distributions of the specimens before and after 1 pass caliber rolling. It can be found that the average temperature increased only a few K after 1 pass. The following (2 to 7) passes having the same reduction ratio showed similar temperature increments. Therefore, the temperature effect can be ignored under the present processing conditions.
Hardness measurement, microstructure examination, and the finite element method (FEM) were used to characterize the caliber-rolled specimen. First, the cross sections of the specimens were polished, and the Vickers hardness was measured using a microhardness tester (Mitutoyo, Japan) under an applied load of 300 gr and a dwell time of 10 seconds. Second, the cross sections of the specimens were electropolished in 30 pct Nitric-70 pct ethanol at 8 V for 10 seconds for EBSD. The EBSD analyses were conducted using a 3D Total Analysis instrument equipped with a field-emission gun (Hikari EBSD detector, Japan) with a step size of 200 nm. The EBSD data were analyzed using the TSL OIM analysis program. All points with a confidence index (CI) lower than 0.09 were removed in order to use more reliable and correct data during the EBSD microstructure analysis. Furthermore, misorientation angles of less than 5 deg were excluded from the EBSD data analyses. The grain sizes that were less than 5 times the step size were excluded from the grain size calculations.
The three-dimensional elasto-plastic FEM simulations were conducted using the commercial package ABAQUS (ver. 6.9 EF2) with an explicit scheme. Figure 3 shows the initial mesh in the cross section of the Al/Cu composite. The calculation time step was set as 10 À4 seconds. Because a longitudinal deformation occurs during the caliber rolling process, a two dimensional (plane strain or plain stress) assumption is not applicable. All simulation geometries were the same as the experimental conditions. The specimens were rotated by 90 deg along the hoop direction after each pass. A 1/4 symmetric condition was assigned in order to reduce computational costs. [33] The following assumptions for the FEM simulations were made: the Al and Cu specimens are isotropic and homogeneous; and the interface between the Al-core and Cu-sheath is fully bound; the rolling dies are rigid; and the Coulomb friction coefficient between the rolling die and specimen surfaces is 0.3. [32] Stress-strain curves in the high strain range are necessary for the FEM calculation of the SPD processes, but cannot be obtained using conventional experimental techniques. Hence, we employed the dislocation cell evolution hardening model [36] [37] [38] for small and large strain stages of FCC polycrystalline metallic materials from the stress-strain curves with a strain rate jump condition (from 10 À3 to 10 À2 s À1 ). The theoretical flow curves of Cu and Al fit well with the experimental results, as can be seen in Figure 4 , and the obtained dislocation cell model parameters are listed in Table I . The rate-dependent flow curves of the pure Cu and Al obtained using the dislocation cell evolution model are plotted in Figure 5 . These flow curves were used for the FEM simulations. In order to understand the hardening behavior of the caliber rolling-processed Al and Cu, dislocation densities of the caliber rolling-processed Al and Cu were measured using an XRD peak profile analysis. In this analysis, the Convolutional Multiple Whole-Profile (CMWP) method was applied to fit XRD peaks and measure the dislocation densities. [39, 40] The details of the CMWP method are described in References 39, 40.
III. RESULTS AND DISCUSSION
A. FEM Simulation Figure 6 represents the deformed geometries with pressure (=Àhydrostatic stress) distributions during 1 and 7 passes in the workpieces including the front part of the entry zone, deforming zone, and rear part of the exit zone. In the 1 pass caliber rolling presented in Figure 6 (a), plastic deformation primarily occurred in the deforming zone, where the pressures were the highest. The sheath zone received a high pressure (i.e., highly compressive stress state), and the core received less pressure and even negative pressure (i.e., tensile stress states) in the center region. This nonuniform stress distribution resulted from the compressive traction by dies and was common in conventional extrusion, drawing, and rolling. The central tensile stress under die compressive traction is called the 'secondary tensile stress' and it is the primary cause of the central crack during the extrusion and drawing. After passing the deforming zone, the workpiece stress changed abruptly via elastic recovery and the remaining stress was residual stress. The residual stresses in the Al-core and Cu-sheath were compressive and tensile, respectively. In the 7 pass caliber rolling, the qualitative deformation behavior was almost identical to that in the 1 pass caliber rolling, but it exhibited a relatively nonuniform distribution along the hoop direction because the final cross-sectional shape was hexagonal not circular or oval. Figure 7 presents the equivalent plastic strain distributions in the cross sections of the workpieces, indicating the increased strain with the number of passes. Contrary to the pressure (i.e., stress) distributions, the strain distributions are quite uniform in the Cu-sheath and Al-core, which indicate that the deformation mode in the core-shell caliber rolling was quasi-isostrain, although the differences in the strains in the core and sheath increased with the number of passes. It was reported that the ideal deformation mode in a composite of soft particles embedded in a hard matrix is an isostrain condition. [41] The increased average strains and increased difference in the average strain between Al and Cu can be seen clearly in Figure 8 . The average strains increase almost linearly with the number of passes. The increased difference in the strains of Al and Cu resulted from an increased heterogeneity of deformation, as can be seen in Figure 7 , in particular near the interfaces of the Al and Cu, and of the Cu-sheath and the die, and from secondary tensile stress (see Figure 6) .
B. Hardness
The mechanical properties of the caliber-rolled Al-core/Cu-sheath composite are related to the imposed equivalent plastic strain and its stress-strain responses. The triangular and circular symbols in Figure 9 represent the measured average hardness values of the Al-core and Cu-sheath, respectively, as the number of passes increased. The experimental errors and deformation heterogeneities were small and most error bars (<±2 Hv) were within the hardness symbols. The average hardness values in both Cu and Al increased as the number of passes increased in both materials, but the increasing rates decreased.
These slowdowns in hardness are consistent with the stress-strain curves in Figure 5 . The increases of the hardness result from the grain refinement (as described using the Hall-Petch equation: r y = r 0 + k d À1/2 , where r y is the yield stress, r 0 is a friction stress, d is the grain size, and k is a constant) and increased dislocation density (as described using the Taylor equation:
, where a is approximately 0.3, M is the Taylor factor, G is the shear modulus, b is the Burgers vector, and q is the dislocation density). [42] It should be noted that the Hall-Petch equation, i.e., grain size hardening, is related to the high-angle grain boundary (HAGB), and the Taylor equation, i.e., dislocation hardening, is related to the low-angle grain boundary (LAGB). Figure 9 also presents the simulated hardness lines converted from the FEM strains in Figure 8 , stressstrain relationships in Figure 5 , and the stress-hardness Al Cu relationship (hardness = stress/3.3). [43] The FEM simulated hardness values are in good agreement with the experimental ones of both Cu and Al, considering deformation heterogeneity and experimental errors. Therefore, the FEM is a good design tool for mechanical properties of core-sheath type wire/bar composites processed using caliber rolling.
Number of Passes Average Equivalent Plastic Strain

C. Microstructure
The hardness behavior with the number of caliber rolling passes can be explained using the microstructural evolutions presented in Figures 10 through 14 . In order to understand the microstructural features after caliber rolling, color-coded orientation images of the microstructures with inverse pole figures for the Al and Cu samples with various passes are presented in Figure 10 . Because the initial samples of Al and Cu had different grain sizes of~300 and~20 lm, respectively, the caliberrolled Al sample exhibited a much coarser grain size than that in the Cu sample. The initial grain sizes decreased significantly after 7 passes, while the modes of grain refinement differed in Al and Cu. These results can be systematically analyzed using grain boundary maps.
The observations of the grain boundary maps presented in Figure 11 reveal that the LAGBs (blue line, misorientation angle 5 deg < h < 15 deg) originating from the dislocation activities increased significantly in the Al-core, while the HAGBs (red line, misorientation angle >15 deg) including the twin boundaries increased in the Cu-sheath. The boundary map in Figure 11(a) is the 1 pass caliber-rolled Al specimen, which demonstrates that the grains were not significantly deformed, most boundaries were HAGBs, and only a few of LAGBs were generated. The 3 and 5 pass caliber-rolled Al-core specimens in Figures 11(b) and (c), respectively, exhibited more LAGBs generated in the interior of the grains with the increasing number of passes. The dominant LAGBs in Al after 3 passes were quantified in the boundary misorientation distributions in Figure 12 and the boundary length/area plots in Figure 13 . The lengths of the HAGBs and LAGBs increased with the number of passes in both Al and Cu. After 1 pass, the LAGB was negligible in Al, but the LAGB was more than the HAGB after 3 passes, and even after 7 passes. That is, dramatic evolutions in the microstructure could be found after 7 passes in Figure 11 (d): significantly decreased grain sizes in addition to much more LAGBs than before. The reason for the severe deformation in the 7 pass specimen is related to the local high deformation as described in Figures 6 and 7 . That is, the equivalent strain was larger at the outer region of the Al-core than in the inner region, although the average strain followed a linear increment (see Figure 8) . Hence, the highly deformed region exhibited a fine-grained microstructure with numerous HAGBs and LAGBs, see Figures 11(d), 12 , and 13. The grain size and dislocation density were approximately proportional to the lengths of the HAGBs and LAGBs, respectively. Due to the highly increased HAGBs (i.e., decreased grain size) with the number of passes in Al, the hardness increased according to the Hall-Petch relationship. This hardening phenomenon could be observed in the conventional compressive deformation process, which demonstrates that the hardness of Al increased with the equivalent strain. As a result, the increased LAGBs also contribute to the increase of hardness in Al according to the Taylor equation, but the LAGBs increased much more than HAGBs. [44] The evolution of the boundary maps of the Cu-sheath shown in Figures 11(e) through (h) differs slightly to that of the Al-core. The map in Figure 11 (e) corresponding to the 1 pass caliber-rolled specimen demonstrates that most grain boundaries consisted of HAGBs. In particular, there were several twins, which are in contrast to the Al case, due to the lower SFE of Cu than Al. decreased compared with Figure 11 (e). Until 5 passes, the HAGBs were the dominant boundaries, which are confirmed in Figures 12 and 13 , and this demonstrates that the hardness in Cu increased due to the Hall-Petch relation. [45] Figures 11(h), 12, and 13, which are the 7 pass caliber-rolled Cu-sheath images, demonstrate that both HAGBs and LAGBs increased significantly. Although the HAGBs increased continuously, the LAGB (i.e., dislocation density) increased more in the caliber-rolled Cu. Due to the linearly increasing length of HAGBs with the number of passes in Cu in Figure 13 , (grain size)
À1
increases linearly and the hardness values increased with decreasing gradient and were almost saturated according to the Hall-Petch relation.
In order to investigate strengthening mechanisms of the materials during the caliber rolling process, the Taylor hardening as well as the Hall-Petch hardening was examined. Figure 14 , the square root of dislocation density of copper measured using the XRD line profile analysis, demonstrates that the square root of dislocation density increased with decreasing gradient. Therefore, the hardness trends of caliber-rolled specimen in Figure 9 are due to the Hall-Petch hardening and the Taylor hardening.
This hardening trend with strain could also be applied to the stress-strain curves in Figure 5 . The early saturation of hardness with the deformation in Al and more hardening in Cu were attributed to a difference in the SFE values in Al (160 to 200 mJ m À2 ) [46] and Cu (70 to 78 mJ m À2 ). [47] The SFE governs the separation of the partial dislocation and dislocation mobility. [48] During the plastic deformation of Al, the high SFE strongly confined the separation of the partial dislocations that facilitate the cross-slip to form three-dimensional dislocation substructures such as cell sub-grains. In contrast, the large spacing of partial dislocations due to the relatively low SFE in Cu inhibited the cross-slip, dynamic recovery is delayed, and strain hardening is prolonged.
High plastic strains promotes deformation twinning in low SFE materials, [49] and texture can affect the anisotropic properties of caliber-rolled materials. The inverse pole figure (IPF) maps of the caliber-rolled specimens presented a strong (101) texture in the Alcore and the same texture in the Cu-sheath. Additional investigation will be undertaken in order to demonstrate the texture effect on the mechanical properties of the caliber-rolled Al-core/Cu-sheath composites.
IV. CONCLUSIONS
In this study, the relationship between the equivalent strain, mechanical properties, and microstructures in Alcore/Cu-sheath bar composite processed using multipass caliber rolling was investigated. From these analyses, the following conclusions are drawn.
1. A combination of soft-core and hard-sheath materials generates homogeneous strains in caliber rolling. The average strains increase almost linearly with the number of passes. 2. The hardness values of the components are affected by the number of passes and the stress-strain behavior evolved via the grain boundaries and dislocation density according to the stacking fault energy. In Al, the hardness is proportional to the number of passes, but the hardness in Cu increases little after 4 passes. 3. The microstructures in the Al-core/Cu-sheath composite evolved as the number of passes increases. The LAGBs and HAGBs in the Al and Cu increased as the equivalent strain increases and affected the hardening behavior. 4. The hardening of the Al-core/Cu-sheath composite is attributed to the increased dislocation density and decreased grain size.
